Introduction
Riparian ecosystems, in particular those bordering rivers flowing through agricultural landscapes, support many ecosystem services in spite of the relatively small area they occupy [1] . They are essential to soil stabilization [2] and nutrient retention [3] [4] [5] [6] . They also provide biodiversity refuges [7, 8] and are used as migration and dispersion corridors for several plant and animal species [9] . Over the last decades, environmental regulation policies have been enforced in different regions of the world [10, 11] to protect riparian ecosystems dominated by tall and functionally diverse plant communities [12, 13] . For example, use of riparian vegetation buffers by birds depends upon vegetation height and the ratio of grass to forb species [14] , while the diversity and abundance of pollinating insects is strongly associated with the blossom and species richness cover of herbaceous strips in agro-ecosystems [15] .
Characterizing the structure of riparian vegetation buffers is essential for protecting these valuable ecosystems and defining management targets. But their broad geographic extent makes it difficult to rapidly monitor the compositional (e.g., species richness and relative abundance) and functional characteristics (e.g., plant height, leaf polyphenols, flower color) of riparian plant communities in both space and time. Green-up and flowering events of individual plant species in riparian communities are typically assessed using repeated surveys of vegetation quadrats over one growing season. While effective, this approach is time consuming and requires that the field work is done by a trained taxonomist. Alternatively, modifications to the compositional and functional characteristics of riparian vegetation buffers could be routinely and rapidly monitored using low cost photographic indices of their geometric structure.
Compositional and functional differences among plant communities should translate into contrasting geometrical structures (Figure 1 ). For instance, speciespoor herbaceous communities comprised of plants with Abstract: Close-range digital photography is a promising tool for monitoring plant communities, yet this technology has not been used to indicate changes to the compositional and functional characteristics of riparian vegetation buffers in agro-ecosystems. We tested a photographic protocol using image indices to monitor differences in the compositional (species diversity) and functional characteristics (plant height, flowering and leaf traits) of 28 herbaceous communities repeatedly surveyed over an entire growing season. Specifically, we used known vegetation properties to predict image texture and geometric patterns. Our results revealed that image texture decreased with increasing plant height, leaf polyphenol content and species diversity. Low texture values in close-range digital images were typically found in tall, flowering, and functionally diversified assemblages consisting mostly of forbs species. In contrast, species assemblages dominated by grasses or sedges presented more random geometric patterns and images with higher texture values. Further tests of this photographic protocol will have to explore other image indices and extend its application to other ecosystems. similar heights or leaf traits may show more regular geometries than species-rich communities comprised of plants showing a broader range of statures and leaf forms. Close-range digital photography approaches thus represent promising tools for indicating changes to the compositional and functional characteristics of biological communities, as already reported in forest [16, 17, 18] , grassland [19, 20] and coral reef ecosystems [21] . Using close-range photography, Proulx et al. [19] calculated image indices that correlated with the mean height, flowering density and species richness of grassland communities. In their study, image texture (i.e., the spatial heterogeneity of plant modules) decreased with increasing plant height and image anisotropy (i.e., the probability of plant modules to align vertically) increased with plant species richness. Proulx and collaborators, however, conducted their work on an experimental set-up of randomly assembled plant communities. Furthermore, they did not investigate the effect of light conditions on their image indices, thus impairing further development of a photography protocol for the rapid assessment of herbaceous communities in riparian buffers.
In this study we extracted image indices of vegetation buffers to i) investigate the effect of light conditions (daytime hour and cloud cover) on image anisotropy and texture and ii) assess differences in their compositional (plant species diversity) and functional characteristics (mean plant height, flower density, and leaf economic traits). In line with previous results [19] , we predicted that image texture should decrease with increasing plant height, whereas image anisotropy should increase with increasing plant functional diversity in herbaceous riparian communities.
Materials and Methods

Study area
We conducted the experiment in a floodplain on the north-shore of the Saint-Lawrence River near Berthierville (Quebec, Canada). We sampled 28 plots (4 m 2 ) within the riparian zones of agricultural streams. Following a field assessment conducted in 2011, the year just before the experiment, we selected herbaceous communities along a semi-quantitative gradient of increasing species diversity (Low, Intermediate, High; Table 1 ). This coarse categorization corresponds to an expert-knowledge assessment of herbaceous communities conducted on the basis of visual cues and species presence and absence. We also categorized plots according to the dominance of plant growth forms as follows: grasses, forbs, sedges, or mixed growth forms (Table 1) .
Image sampling
We equipped each plot with a TimelapseCam 8.0 (Wingscape, Alabaster, USA) camera of 2592 x 1944 pixels of resolution. We positioned the camera 3 m away from the plot center, 1.5 m aboveground, and inclined it downward with an angle of 45° relative to the ground to exclude the horizon line. Close-range digital images of each plot (i.e., each herbaceous community) were automatically and simultaneously captured three times a day (at 9h, 12h and 15h), from 17 May to 31 October 2012, thus covering the entire growing season. At the end of the season, we manually screened images to detect sunshades and classified light conditions as either clear (sunny category) or overcast (cloudy category). We cross-validated our classification with meteorological data retrieved from the Environment Canada's station of Berthierville (46°03'00 N, 73°11'00 W). 
Vegetation sampling
We completed a field survey of the vegetation every two weeks over the growing season, for a total of 12 sampling campaigns. At each visit, we randomly selected a subsample of 10 individuals (i.e., vegetative modules consisting of a stem, a thallus, or a rosette) within each plot. The selected plants were healthy individuals. We performed taxonomic identification of plants and measured their height (cm) at the uppermost photosynthetic part, excluding the inflorescence [22] . We obtained mean values of polyphenol content from three independent leaf readings using a Dualex 4 device (Force A, Paris, France). Leaf polyphenols are implicated in defense mechanisms and their concentration represents a non-destructive indicator of plant growth strategy. For example, leaf polyphenols in 8 tree and forb species were found to be strongly negatively related to specific leaf area [23] , a well-known proxy for the net photosynthetic rate in vascular plants [24] . Moreover, we evaluated the percent cover of each species in each plot using a Braun-Blanquet scale with six categories: 0 = traces, 1 = 1-5%, 2 = 6-25%, 3 = 26-50%, 4 = 51-75% and 5 = 76-100%. Cover estimates were always taken by the same observer standing next to the camera and represented a snapshot of the camera's field of view. Understory species not visible in the image were therefore less likely to be reported in the vegetation surveys. Mid-point values of the six Braun-Blanquet cover categories were used to calculate Shannon (H) and Evenness (E) species diversity metrics [23] for each of the 12 sampling campaigns. Temporally averaged H and E values for the 28 herbaceous communities are reported in Table 1 .
Image analysis
The first image index proposed by Proulx and Parrott [16] and Proulx et al. [19] is an information theoretic measure of texture called MIG (mean information gain). To calculate the MIG index, we first transformed our Red-Green-Blue (RGB) digital images into grey-tone images by computing the digital number (DN) average of the three channels (Grey-tones = (R+G+B)/3). A co-occurrence matrix is then tabulated by associating each pixel's grey-tone value (i, j) with the grey-tone values of adjacent pixels immediately below (i+1, j), in diagonal (i+1, j+1) and to the right (i, j+1) [15, 24] . MIG is derived from the co-occurrence matrix and is nearly zero (MIG → 0) for uniform structural patterns and maximal (MIG → 1) for random ones. MIG is a general measure of how finely segmented are the different plant modules in the image.
We also determined if the geometrical structure of the vegetation was more textured along one preferential image direction. We calculated a measure of anisotropy in the image as the ratio of MIG values obtained along the horizontal and vertical image direction as follows: Anisotropy = MIG horizontal/MIG vertical. To do so, we assembled a co-occurrence matrix considering only pairs of neighbor pixels oriented along either the horizontal (i.e., each pixel (i, j) and its adjacent right neighbor (i, j+1) in the image) or the vertical image direction (i.e., each pixel (i, j) and its adjacent bottom neighbor (i+1, j) in the image). Anisotropy characterizes the relative increase in the horizontal texture of plant structures in grassland images and takes values above one (anisotropy > 1) when MIG is comparatively higher along the horizontal than vertical direction. Image anisotropy correlates to the packing density of the plants in herbaceous communities, with anisotropy values approaching one (anisotropy ® 1) in more densely packed communities [19] . Image analysis was performed using Matlab (MathWorks, Natick, USA).
Statistical analyses
We fitted a linear mixed effects regression model to evaluate the influence of light conditions on image texture (MIG) and anisotropy indices (MIG ratio). Fixed effects were daytime hour (9h, 12h, 15h) and cloud cover (sunny, cloudy), whereas random effects were community identity (factor levels from 01 to 28) and sampling campaign (factor levels from 01 to 12). Mixed-effect models were parameterized using the R package "lme4" [27] . We assessed model fit with both marginal and conditional determination coefficients (R 2 ) following the approach of Nakagawa & Schielzeth [28] for mixed-effect models. Finally, we examined the model results to choose an optimal combination of daytime hour and cloud cover conditions for subsequent analyses. We performed all analyses using the R statistical environment [29] .
To evaluate the relative contribution of plant compositional and functional characteristics on texture and anisotropy indices, we first merged the vegetation and image datasets. By considering only images taken under a given combination of light conditions in each plot, we retained five repeated measures of image texture and anisotropy for each of the 12 vegetation sampling campaigns. We averaged repeated measures to match them with the vegetation dataset. We then fitted two linear regression models to texture and anisotropy indices separately, using both the compositional (species diversity categories, H and E metrics) and the functional characteristics (mean plant height, flowering density, leaf polyphenols) of herbaceous communities as predictors. We also used plot labels as factor levels in the regression models to account for a community identity effect. The community identity term accounts for differences in the geometrical structure of herbaceous communities not captured by the compositional or functional characteristics of the vegetation as measured in the field. At last, we partitioned variation explained in anisotropy and texture indices between community identity, functional traits and species diversity using the "varpart" function in the R vegan package [30] . This function allows partitioning the amount of variation in the response variable (i.e., image texture or image anisotropy) into the pure and shared contributions of predictor variables.
Results
Light conditions
We found no effect of daytime hour or cloud cover on either of the texture (Figure 2 ) or anisotropy indices. Conditional R 2 coefficients for the image texture and anisotropy models were 0.391 and 0.499. Marginal R 2 coefficients were comparatively lower, reaching values of 0.045 and 0.007, respectively. While the marginal R 2 describes the proportion of variance explained by the fixed factors alone (i.e., daytime hour and cloud cover), the conditional R 2 describes the variance explained by both the fixed and random effects. Acknowledging that light conditions throughout the growing season fluctuate more under sunny, morning or evening light conditions, we kept only the images taken at noon (12h) under a cloudy sky for subsequent analyses. This choice of light conditions also simplifies the comparison with the results of Proulx et al. [19] , who consistently captured their close-range digital images of the vegetation under similar conditions.
Compositional and functional community characteristics
Mean plant height in riparian vegetation buffers was positively correlated to flower density (Pearson's r = 0.65). Mean height was also correlated to leaf polyphenol content (r = 0.56), suggesting that phenolic substances accumulate in plants throughout the growing season. Moreover, independently of plant height, leaf polyphenols discriminated between herbaceous communities dominated by different growth forms (intercepts differ among groups; Figure 3 ). Mean plant height and polyphenol content were the two functional characteristics most strongly associated with image texture in herbaceous communities. In contrast, flower density explained little of the residual variation in the two image indices. For compositional characteristics, the in situ categorization of species diversity explained a significant proportion of the variation in image texture and anisotropy values ( Table 2 ). Community metrics of species diversity (H) and evenness (E) were not correlated with the image indices.
Image texture (MIG) was inversely related to mean plant height, leaf polyphenol content and categories of increasing species diversity ( Figure 4A ). The functional characteristics of herbaceous communities explained 28% of variation in image texture values (i.e., 12% and 16% for the pure and shared contributions, respectively), whereas compositional characteristics explained 11% of the variation ( Figure 4B ). Community identity explained a total of 49% of the variation in image texture values, of which 27% and 22% were pure and shared contributions ( Figure 4B ).
Compositional and functional community characteristics were only weakly related to image anisotropy values (Table 2; Figure 4C ). Consequently, mean plant height, leaf polyphenol content, flower density, species diversity categories, as well as H and E community metrics, altogether explained only 12% of the total variation in image anisotropy values ( Figure 4D ). In comparison, community identity alone explained 27% of the residual variation in image anisotropy, indicating that detectable differences in the geometric structure of herbaceous communities were not captured by our set of compositional and functional characteristics.
Discussion
Our findings reveal that low texture values in close-range digital images were typically associated to tall, flowering, and functionally diverse herbaceous communities. In contrary to Proulx et al. [19] , we did not find a strong effect of species diversity metrics on image texture or anisotropy, suggesting that functional, not species, diversity determines the geometric structure of herbaceous communities in these riparian buffers. or saturation, may better capture geometric patterns associated to the presence or absence of wildflowers in digital images [31] .
Polyphenols regroup a large number of chemical compounds, including pigments, flavonoids and tannins, which are implicated in defense mechanisms against ultraviolet radiations, herbivores and fungal infections [32, 33] . In contrary to other leaf functional traits, such as specific leaf area or leaf dry matter content, polyphenols can be repeatedly, non-destructively, measured in the field using portable devices [23, this study]. In the context of our study, correlations between mean plant height and polyphenol content were consistently observed in all communities, probably indicating an accumulation of leaf defense compounds over time [34] . Polyphenols were also more concentrated in plant communities dominated by forbs, as in species of the genus Eupatorium, Polygonum, Lythrum and Asclepias. At the other end of the spectrum, plant communities dominated by sedges (e.g., Cyperus, Carex and Bolboschoenus) presented lower levels of polyphenols. Finally, communities dominated by grasses, or containing a mixture of growth forms, had intermediate values of leaf polyphenol content. These results suggest that the amount of leaf polyphenols effectively discriminates herbaceous communities dominated by species with different growth forms and growth strategies; i.e., slow growing species investing in defense versus fast Digital images of plant communities taken under different light conditions can show regions of over-exposure, shadow, or fog, which may directly affect their apparent geometric structure. Here, we did not find an effect of daytime hour or cloud cover on two image indices capturing the geometric structure of herbaceous communities in riparian buffers. Instead, much of the variation in image-derived indices of texture and anisotropy was associated to temporal (12 sampling campaigns over the whole growth period) and spatial (28 plant plots on a biodiversity gradient) differences in both compositional and functional characteristics of the vegetation.
Plot to plot variation (community identity) explained more than 25% of the residual variation in image texture and anisotropy indices in our models. In other words, the photographic protocol allowed us to detect differences in the geometric structure of herbaceous communities that were not associated to our set of compositional and functional variables. One such important missing variable in our study was leaf senescence. Species turnover rates in herbaceous communities can be rapid; implying the continuous growth and dieback of plant modules throughout the season. In addition, the flowering component of the plant community could be better characterized using variables describing the inflorescence color, type and size. Other image indices built on different components of the color space components, such as hue growing species. Image texture (MIG) values decreased with increasing mean plant height, leaf polyphenol content and coarse categories of increasing species diversity. In a recent paper, Proulx et al. [19] used a random placement model to illustrate the basic geometric principle underlying the inverse relationship between plant height and image texture. The principle relies on the fact that growing plant modules are not only getting larger, but also closer to the camera over time. As the community grows taller, plant modules show up as larger objects and image texture values are lower [19] . Thus, the effect of mean plant height on image texture reflects the seasonal growth of herbaceous communities. Independently of the effect of plant height, low image texture values were associated to communities dominated by functionally diversified species assemblages; i.e., communities consisting mostly of forbs and mixed growth forms. In contrast, assemblages of graminoid species (i.e., grasses and sedges growth form categories) presented more random geometric patterns and were associated to higher image texture values. Lower MIG image values in our dataset were associated to communities that were both fully grown (tall) and consisting of species with mixed growth forms.
Close-range photography protocols provide a sensitive and effective way of monitoring both shortand long-term ecological modifications to the riparian herbaceous buffers in agricultural landscapes. Operationalization of photographic protocols ultimately involve people, or remotely operated aerial drones, moving along riparian buffers and taking images of the vegetation at fixed distances. For instance, we estimate that a single photographer could cover 50 km of riparian corridors in about five working days. Crowdsourcing would represent another way of assessing the structure of riparian vegetation buffers over larger geographic extents, notably by exploiting public repositories of digital images such as geo-wiki, panoramio, and flickr websites [35] . Usually free of charges and copyright, these websites are invaluable sources of information that can be analyzed by the scientific community [36, 37] . Further protocol developments will have to explore the behaviour of other image indices, to incorporate the effect of the camera-tovegetation distance on image texture, as well as to include riparian vegetation buffers with shrubs and trees.
